ABSTRACT Improved oncological treatments permit increased survival rates, although cancer patients remain at risk of losing ovarian function. An attractive option for fertility preservation includes the use of immature oocytes, a strategy which can occur on a rapid timeline and without hormonal stimulation. As a result, cancer therapy can proceed promptly even in patients with hormone-sensitive tumors. Following retrieval, immature oocytes can be cryopreserved at either the immature germinal vesicle or the mature metaphase-II stage, i.e. either before or after in vitro maturation (IVM). We present a critical review of previous human studies on the cryopreservation of immature oocytes. Evaluations include in vitro developmental competence upon thawing/warming, or organization of the spindle and chromosomes. Reported successes vary, perhaps in relation to the source of the oocytes and protocols for cryopreservation and IVM. Weaknesses exist with the experimental designs implemented to date, so caution must be exercised before considering the use of immature oocytes to be a safe and reliable practice in the fertility preservation of cancer patients. To date, results indicate that with current protocols, it may be best to cryopreserve immature oocytes after IVM at the metaphase-II stage. Nonetheless, efficacy remains very low. Future efforts should tailor and optimize not only cryopreservation, but also IVM protocols for use in either germinal vesicle or metaphase-II oocytes, together with a comprehensive assessment of oocyte function and developmental competence to term. Despite current challenges, the burgeoning field of immature oocyte cryopreservation constitutes a promising option for cancer patients with impaired ovarian function.
In the last few decades, the incidence of cancer and the likelihood of survival have risen across the globe. A little over 1 in 3 women in North America are diagnosed with cancer every year. This constitutes an overwhelming number of young women of reproductive age undergoing chemotherapy, radiotherapy, and other oncologic treatments; an estimated 9% of cancer survivors are 20-39 years old in the United States. Invasive cancers are treated aggressively through chemotherapy, radiotherapy and surgeries to remove cancerous cells and masses. Unfortunately such treatments create irreversible damage to the gonads and possible sterility (reviewed by Anchan and Ginsburg, 2010) . Depending on the type and dose, oncological therapies may result in damage and/or loss of not only germ cells but also the supporting somatic compartments of the ovarian follicle. Due to the women's finite number of oocytes and the irreplaceable nature of the pool relatively new procedure with varying success. It entails freezing ovarian tissue fragments with intact primordial follicles containing immature oocytes. Oocyte cryopreservation is a third option for fertility preservation, which involves aspirating oocytes from antral follicles and cryopreserving them. The oocytes can be collected and frozen at either the mature or metaphase-II (M-II) stage of development or the immature, prophase-I or germinal vesicle (GV) stage. As presented below, immature oocytes may be targeted in order to circumvent issues of: hormonal stimulation in sensitive cancers, prolonged fertility procedures that delay cancer treatment, the need for a sperm source, and the creation of embryos prior to cancer therapy. There are benefits and detriments in all the fertility options, however, for a large subset of cancer patients the cryopreservation of immature oocyte represents a tangible and attractive option (Table 1) .
Minimizing or eliminating the need for hormonal stimulation
Embryo cryopreservation is a relatively successful form of fertility preservation in women needing cancer therapies. But to obtain a sufficient number of mature metaphase-II oocytes, embryo cryopreservation relies on ovarian stimulation, a protocol that is not applicable in hormone sensitive cancers. Breast, prostate, ovarian and endometrial cancers are all hormone sensitive as they rely on hormones in order to survive and grow. Ovarian hyperstimulation is associated with high estradiol levels, which are deemed unsafe to hormone sensitive tumors. Immature oocytes, on the contrary, can be collected at any point of the menstrual cycle with minimal or no stimulation of the ovaries (Chian et al., 2000; Nogueira et al., 2012) .
Circumventing the use of sperm or the creation of embryos
Young women and teenagers without partners, girls not yet of reproductive age, and couples with moral or religious objections to embryo cryopreservation are often afflicted by malignancies. Women may thus be faced with the stress of choosing between a sperm bank or risking an inability to bear a child later in life. The use of immature oocytes allows the liberty to preserve fertility without actual fertilization of the oocyte prior to freezing.
Shortening the timing between the preservation of fertility potential and cancer treatment
A typical in vitro fertilization cycle includes several weeks of ovarian stimulation in order to achieve multifollicular development prior to oocyte retrieval. Cancer patients often do not have an indeterminate amount of time to spare in order to preserve their fertility. To achieve cancer remission, most cancers require immediate chemotherapy or radiotherapy treatment. Cancer patients are thus in need of quick and efficient fertility therapy that does not delay cancer treatment regimens necessary for patient survival.
How may immature oocytes be used?
Immature oocytes represent an attractive and minimally invasive option. Immature oocytes can be retrieved with ultrasound-guided transvaginal aspiration, avoiding surgical procedures. With the puncture of multiple antral follicles, a large enough number of oocytes may hopefully be obtained for more than one or two embryo transfer attempts. Further, immature oocytes are retrieved promptly with no time delay in cancer treatment. IVM cycles characteristically entail few preparatory steps with minimal or without priming with gonadotropins (reviewed by Nogueira et al., 2012) . Notably, a priming approach with human chorionic gonadotropin (hCG) alone allows oocyte retrieval between days 10-14 (Chian et al., 2000) . Rapid intervention is possible thanks to the retrieval oocytes regardless ing hormone agonists (GnRH-a) that are presumed to increase the ovarian cells resistance to the detrimental effects of cancer treatment by reducing ovarian follicular growth and cell division, although the exact mechanisms and efficacy aren't yet established (Xu et al., 2011) . The current options for preserving cellular material include embryo, ovarian tissue, and oocyte cryopreservation. Embryo cryopreservation necessitates typically 2-6 weeks of pituitary down-regulation and ovarian stimulation prior to oocyte retrieval, and it also requires the patient to be of post-pubertal age as well as the availability of a sperm source. Ovarian tissue cryopreservation is a 
ADVANTAGES AND DRAWBACKS OF CRYOPRESERVING IMMATURE OOCYTES WHEN COMPARED TO THE PRESERVATION OF OTHER CELLULAR MATERIAL
Cryopreservation of immature oocytes 921 of the phase of the menstrual cycle; as proofs-of-concepts, mean times between first consultation and oocyte retrieval spanned 8-13 days in a total of 104 breast cancer patients Shalom-Paz et al., 2010) .
The immature oocyte may be used in one of two ways: 1) the GV stage oocyte undergoes in vitro maturation (IVM) and is then frozen/cooled or 2) the GV stage oocyte is cryopreserved and upon thawing/warming it undergoes IVM (Fig. 1) . Successful cases have been presented when cryopreserving at either the GV or M-II (post-IVM) stage. The first live births from the freezing of immature and mature (following IVM) oocytes occurred in 1998 and 2009, respectively (Tucker et al., 1998; Chian et al., 2009a) . These births provide a proof-of-principle for the cryopreservation of immature oocytes. However, due to variable and limited results, the clinical efficacy of using immature oocytes for fertility preservation remains uncharted.
Currently, two procedures exist for the cryopreservation of oocytes, namely slow-freezing and vitrification (reviewed by Stachecki and Cohen, 2004) . Historically, the slow-freezing method of cryopreservation is used widely, and it has been used to freeze both mature and immature oocytes. The process involves a lower concentration of cryoprotectants than vitrification, reducing toxicity to the oocyte. The oocyte is then slowly cooled to a temperature of -35ºC and thawing of the embryo occurs at a rapid pace to avoid recrystallization of water in the cell, a process that could cause damage to the internal structures of the cell. Vitrification is an alternative cryopreservation method, which uses elevated concentrations of highly toxic cryoprotectants and a rapid cooling pace to achieve a glass-like, vitrified oocyte. Vitrification avoids the potential crystallizations that can occur in moisture rich areas of the cell during cooling and warming; however, the high levels of toxic cryoprotectants used to dehydrate the cell may limit cryopreservation success. Early studies relied heavily on the use of slow-freezing; however, vitrification has shown rising success rates with in vivo matured oocytes although slow-freezing protocols may not yet be fully optimized either (reviewed by Edgar and Gook, 2012) .
In comparison to a mature M-II oocyte, an immature oocyte arrested in prophase of meiosis-I varies in its internal state (Fig. 2) . In a GV oocyte, the chromosomes are not fully condensed and they are contained within the nuclear membrane; secondly the temperature sensitive spindle has not yet formed. The spindle is composed of dynamically instable microtubules, and it is crucial to the formation of a euploid oocyte. Cryoprotectants and low temperatures can cause spindle disorganization and/or depolymerization of microtubules (reviewed by Mandelbaum et al., 2004) , in turn putting the zygote at risk for aneuploidy. GV oocytes also contain microtubules, but they are ones characteristic of cells in pre-M phase cells. These microtubules are less dynamically instable than during subsequent M-phase, and with such increased stability may come a heightened ability to withstand insults associated with cryopreservation. It has thus been proposed that freezing GV stage oocytes rather than post-IVM M-II oocytes may reduce the risk of aneuploidy. Further, in vitro maturing oocytes prior to cryopreservation may place additional stresses on the oocyte, perhaps rendering it less capable of withstanding the specific insults of cryopreservation. GV oocytes have thus been postulated as a potentially superior stage to freeze. However, only evidence can confirm when the best time to cryopreserve immature oocytes is, either prior to or following IVM (Fig. 1) . All relevant human studies to date (up through June 2012) are synthesized below, together with a critical evaluation of their strengths and limitations. It must also be noted that all cited data were computed out of the total number of available or starting oocytes. This permits an appropriate comparison of results across studies, with the further advantage of representing overall yields that are clinically relevant. Unless noted otherwise, all studies discussed herein are in human. Table 2 summarizes the ranges of values obtained from a total of 23 studies that cryopreserved human oocytes at the GV stage, 14 and 12 of which used slow-freezing or vitrification protocols, respectively (Mandelbaum et al., 1988; Toth et al., 1994a; Toth et al., 1994b; Baka et al., 1995; Son et al., 1996; Park et al., 1997; Chung et al., 2000; Goud et al., 2000; Wu et al., 2001; Boiso et al., 2002; Chen et al., 2004; Fuchinoue et al., 2004; Isachenko et al., 2006; Cao et al., 2009; Fasano et al., 2010; Al-Khtib et al., 2011; Combelles et al., 2011; Criado et al., 2011; Liu et al., 2011; Versieren et al., 2011; Zhang et al., 2011; Fasano et al., 2012; Wang et al., 2012) . Seventy percent (16/23) of studies evaluated the in vitro developmental competence of cryopreserved GV oocytes based on fertilization, cleavage, and in some instances even blastocyst formation. Twenty-two percent (5/23) of studies examined instead spindle and/or chromosome organization. It is also relevant to note that most studies (87%; 20/23) tested oocytes obtained from ovarian stimulation, representing oocytes that failed to mature in vivo. (from 1988-2012) . It is only with survival rates that there appears to be an overall improvement over time, particularly when comparing data from the 1990's to studies reported in the last ten years with slow-freezing. When it comes to the evaluation of spindles following IVM of cryopreserved GV oocytes, 1 to 35% normal spindles were reported out of the total number of starting oocytes (Baka et al., 1995; Boiso et al., 2002; Combelles et al., 2011; Wang et al., 2012) . Four of the studies reported 1%, 5%, 9%, and 35% normal spindles with slow-freezing of GV oocytes, when compared to 26% with vitrification (Combelles et al., 2011) . There is thus variation among studies in the ability of cryopreserved GV oocytes to support the formation of a bipolar spindle. Importantly, significant differences exist in the modes of spindle evaluation, with respect to the techniques (conventional 2-D fluorescence versus confocal laser scanning 3-D microscopy) and the categorization criteria (degree and types of spindle aberrations). It is thus not possible to compare spindle outcomes across reports. Further, our understanding of what constitutes a truly normal human M-II spindle is not complete and thus, even with state-of-the-art imaging, the biological validity of criteria used for spindle categorization may be argued. We also do not yet grasp the developmental impact, if any, of slight irregularities in M-II oocyte spindles. Not all of the aforementioned studies used 3-D imaging and measurements as performed by Combelles et al., (2011) and Wang et al., (2012) ; further, rather stringent criteria were applied when assessing the normalcy of the spindle, with an intermediate categorization that included bipolar spindles with only slight abnormalities. Remaining studies (based on 2-D fluorescence alone) limited the spindle categorizations as either normal or abnormal (Fig. 3) . Nuances may thus have been missed, although the biological significance of additional intermediate categories remains uncertain.
Cryopreservation at the germinal vesicle stage
Such argument about potential limitations with current spindle assessments can also be applied to the evaluation of chromosomes, for which the use of a total DNA stain in intact cells can be particularly limiting. Ideally, cytogenetic analyses will be employed to establish the ploidy of M-II oocytes that result from the in vitro maturation of cryopreserved GV oocytes. Thus far, a single study dating back to 1997 reported a 78% (n=27) incidence of cytogenetic abnormalities with slow-freezing of GV oocytes when compared to 32% (n=44) in non-frozen oocytes (Park et al., 1997) . Future studies thus remain to document unequivocally the ability of cryopreserved GV oocytes Combelles et al., 2011 and Wang et al., 2012). (pb: polar body) . 
dimensional (3-D) projections of optical sections illustrate: deemed normal bipolar spindles (C,D), with chromosomes aligned at the equatorial region (C) or most chromosomes aligned with the exception of several chromosomes dispersed to other spindle regions (D); a nearly normal bipolar spindles with minor irregularities and dispersed chromosomes (E); an abnormal, not bipolar spindles with dispersed chromosomes (F). (A) and (B) demonstrate the value of 3-D imaging with the bottom right panel showing the spindle orientation as mounted on the slide versus the other three panels demonstrating orthogonal sections (in x, y, and z planes). The latter views reveal the bipolarity of the spindle, an organization that couldn't be ascertained without 3-D imaging. Orthogonal sectioning permits exact categorization of spindles and chromosomes in all oocytes, as well as 3-D morphometric measurements, such as spindle length, width, and volume (as used previously by

PERCENT RANGES OF LABORATORY OUTCOMES WITH THE CRYOPRESERVATION OF IMMATURE HUMAN OOCYTES AT THE GERMINAL VESICLE STAGE
All percentages are reported out of the total number of starting oocytes (see text for supporting citations).
to complete meiosis without chromosomal errors. Caution must be used when interpreting the data presented in Table 2 , since some of the studies included were of particularly small sample sizes. This was notably the case for all reports with the highest success rates: for slow-freezing, the 62% and 43% maturation and fertilization rates were obtained from a total of only 21 oocytes (Chen et al., 2004) and for vitrification, the 77%, 56%, and 47% maturation, fertilization, and cleavage rates were from a total of 30 oocytes (Fuchinoue et al., 2004) . Also with vitrification, the rather high 12% blastocyst formation rate was obtained from a mere 17 starting oocytes (Chung et al., 2000) . Most other results were based on acceptable sample sizes, but it is notable that improved rates are all derived from studies with extremely small sample sizes. Future reports on the developmental competence of cryopreserved immature oocytes should thus aim to include a large set of starting oocytes.
Since Table 2 reports the ranges of percentages across studies, histograms that show the distribution of each outcome are presented in Fig. 4 . The histograms indicate that there are more reports with increased survival, maturation, and even fertilization with vitrification when compared to slow-freezing. Similarly, improved cleavage rates were reported with vitrification over slow-freezing (Fig. 4) . With respect to later developmental competence, only one study reported blastocyst formation with slow-freezing (1%), in contrast to five studies with vitrification (0, 0, 1, 3, and 12%). Obviously, only limited conclusions can be reached from such comparisons, which are flawed by the inherent variability in protocols and experimental design across studies. More convincing would be reports that aim to compare the success of slow-freezing and vitrification in GV oocytes within a single study.
Three studies have conducted a direct comparison of outcomes when cryopreserving GV stage oocytes with either slow-freezing or studies. Lastly, only one of the studies adopted a sibling oocyte design, the importance of which is discussed below (Combelles et al., 2011) .
Cryopreservation at the M-II stage, post in vitro maturation
A handful of past reports have instead focused on the cryopreservation of in vitro matured M-II human oocytes. It must be acknowledged that most of the human studies reporting on the cryopreservation of in vitro matured M-II oocytes pertain to immature oocytes collected in conjunction with ovarian tissue banking. These studies are presented below when discussing the past uses of immature oocytes for fertility preservation in cancer patients, but reviewed next are the few reports that focused on the cryopreservation of M-II oocytes following IVM, from which further insight about outcomes and overall effectiveness can be gleaned.
A first birth from a vitrified in vitro matured oocyte resulted from the retrieval of 19 immature oocytes (18 GV stage) in a natural menstrual cycle (Chian et al., 2009a) . The case involved a 27-year old woman with tubal disease and polycystic ovaries as part of a clinical trial. Eight-nine percent of oocytes extruded a polar body, 25% survived (4/16), 75% fertilized (3/4), 3 embryos were vitrification protocols (Fasano et al., 2010; Combelles et al., 2011; Zhang et al., 2011) . All three studies used denuded oocytes that failed to mature following ovarian stimulation for intracytoplasmic sperm injection (ICSI). Survival was comparable with slow-freezing and vitrification protocols, and there were also no statistical differences in polar body extrusion. However, it is worth noting that maturation rates were extremely low (0-9%) in one study (Fasano et al., 2010) , and rather low (14-23%) in another . There was no comparison non-cryopreserved group in either of these two studies. In contrast, 39% and 36% of available oocytes matured to M-II with slowfreezing and vitrification, respectively; in comparison, non-cryopreserved oocytes matured to M-II at an efficiency of 79% (Combelles et al., 2011) . Two of the three studies reported on developmental competence in vitro but at very low efficiencies, with no fertilization with slow-freezing in comparison to 1.3% and 4% with vitrification (Fasano et al., 2010; Zhang et al., 2011) . There was no further developmental progression. The third study reported on spindle and chromosome organization with 3-D microscopy; the incidences of M-II oocytes with normal bipolar spindles out of the total number of starting oocytes were 9% and 26% for slow-freezing and vitrification, respectively (versus 68% in the non-cryopreserved group) (Combelles et al., 2011) . There was also evidence for increased asynchrony in cell cycle progression for GV oocytes that were slow-frozen when compared to vitrified. Taken together, vitrification may represent a slightly superior protocol over slow-freezing for the cryopreservation of GV stage oocytes. However, the data remain preliminary, based solely on failed to mature denuded oocytes, with low maturation rates and no comparison non-cryopreserved oocytes in two of the transferred resulting in a singleton pregnancy and birth. A subsequent study in 2008 examined the utility of rescued IVM together with cryopreservation in an attempt to increase the pool of total fertilizable oocytes (Chang et al., 2008) . From a total of 29 in vitro matured oocytes (that were failed to mature in vivo GV oocytes), 79% survived, 48% fertilized, 41% cleaved, and 7% developed to blastocyst. Together with cryopreservation, rescued IVM can thus provide an additional pool of fertilizable oocytes, although developmental competency is compromised when compared to the vitrification of in vivo matured oocytes (with 53% blastocyst formation) (Chang et al., 2008) .
Providing further insight into the efficiency of cryopreserving M-II oocytes is a study testing the effectiveness of vitrifying in vivo versus in vitro matured oocytes (Chian et al., 2009b) . Patients (n=20) were recruited as part of a clinical trial on IVM, and immature oocytes (n=290) were obtained during the mid-follicular phase (days 10-14) with hCG injection 36 hrs prior to retrieval. For comparison, in vivo matured M-II oocytes (n=399) were obtained following ovarian stimulation. While all in vitro developmental measures were significantly improved with in vivo when compared to in vitro matured cryopreserved oocytes, a rather encouraging implantation rate per embryo of 9.6% was obtained in the IVM group (versus 19.1% with in vivo maturation). The live-birth rate per cycle started was 20% and 39.5% with the combination of cryopreservation and in vitro and in vivo maturation, respectively (Chian et al., 2009b) . There were no associated adverse pregnancy outcomes with these four births from in vitro matured vitrified oocytes, thereby buttressing the potential utility of immature oocytes, notably following IVM for fertility preservation. Another strength of this study is that oocytes were obtained without gonadotropin stimulation during a short cycle, a particular advantage for translational use in patients about to undergo cancer therapy.
It is relevant to note that all of the aforementioned studies on the use of M-II oocytes (post-IVM) employed vitrification; these studies were also performed rather recently by laboratories that are different from all studies reported above for freezing at the GV stage. It follows that protocols differed significantly, and it is thus difficult to compare the effectiveness of freezing at the GV or M-II stage based on the studies presented herein thus far.
Direct comparisons of cryopreservation at either the germinal vesicle or M-II (post in vitro maturation) stage
Studies that undertook a side-by-side comparison of freezing at either the GV or M-II (post-IVM) stage are irrefutably superior in design, notably when compared to studies evaluating the freezing of either GV or M-II oocytes alone. With a side-by-side approach, cryopreservation successes can be compared directly with the source of the oocytes, as well as all laboratory and manipulator conditions kept constant. Yet, all side-by-side comparisons evaluating the best stage to freeze oocytes at have not incorporated one final crucial aspect of an optimal experimental design; ideally, sibling oocytes (that is oocytes from a same patient) should be allocated randomly to either test groups (for cryopreservation at either the GV or M-II stage). A sibling oocyte design thus allows patient-specific variables to be controlled for.
A total of eight studies compared directly cryopreservation at the GV or post-IVM stage, only two of which employed a sibling oocyte 
SIDE-BY-SIDE COMPARISONS OF THE CRYOPRESERVATION OF IMMATURE OOCYTES, EITHER AT THE GV OR M-II (POST-IVM) STAGE
The GV and M-II groups denote cryopreservation at the GV and M-II (post-IVM) stage, respectively; -Fz represents a comparison group without any cryopreservation whenever included. The data were recalculated (as needed) and summarized as percentages out of the total numbers of starting oocytes (except for Boiso et al., (2002) with the spindle and chromosome data reported out of the total number of oocytes analyzed). * Spindle and chromosome analyses entailed three categorizations with only the deemed as perfectly normal oocytes (with no signs of any irregularities, even if small) reported here. See text and Figure 3 for further details and comparisons. ^Parthenogenetic activation was used instead of fertilization with sperm. # Fertilization, cleavage, and blastocyst rates are shows as zeroes when vitrifying at the GV stage, since there were no oocytes that matured to M-II in that group. Reported percents for the M-II stage group represent oocytes that were GV or M-I at the start of culture since there weren't sufficient data to extrapolate the data for the GV oocytes only.
design (Fasano et al., 2012; Wang et al., 2012) . However in the Fasano et al., (2012) study, GV and M-I failed to mature oocytes were both included, and it is not clear that GV oocytes from a single patient were randomly allocated to either treatment groups (versus a random allocation of GV and M-I oocytes together). Five and three studies used a slow-freezing and vitrification protocol, respectively. Three of these eight studies did not test developmental competence in vitro, but rather focused on an assessment of spindle and chromosome organization (not all of which relied on a powerful and most reliable three-dimensional imaging with confocal laser-scanning microscopy) (Table 3) . When assessing results across studies, trends can be gathered (Table 3) ; one rather small study (n=52 and 68 GVs in each treatment arm) that gave unusually low results (even with maturation prior to vitrification) is excluded from the following discussion (Fasano et al., 2012) . It is apparent that most studies report comparable survival rates, with maturation systematically compromised when cryopreserving at the GV stage (30-56% versus 70-85% when cryopreserving at the GV versus M-II stage). In all studies using oocytes from stimulated ovaries, fertilization rates were lower when cryopreserving GV (17-35%) when compared to M-II (29-59%) oocytes. This was also the case for the progression to cleavage stages (16-29% and 26-59% when cryopreserving at the GV and M-II stage, respectively), although it is important to note that the top percentages were always from a study with a small sample size of a total of 50 oocytes between the two groups (Chung et al., 2000) . Development to blastocyst ranged from 0-12% and 0-23% when cryopreserving before and after maturation, respectively (with again top percentages from a same small study).
There is only a single study that included a group of oocytes from an unstimulated source (Chung et al., 2000) . Importantly, it is a preliminary study with very small sample sizes (n=53 and 50 oocytes from unstimulated and stimulated ovaries, respectively). Nonetheless, the results may suggest that outcomes are better when using oocytes with, when compared to without, stimulation, particularly when freezing after IVM at the M-II stage. Given that all other studies comparing freezing at the GV or M-II stage relied on the use of immature oocytes following ovarian stimulation, potential differences with unstimulated sources of oocytes must thus be considered.
The types of cryopreservation protocols also merit consideration. However, a single study evaluated the in vitro developmental competence of slow-frozen oocytes in contrast to four studies with vitrified oocytes. Further, two of the five slow-freezing studies used a choline-based rather than sodium-based protocol (Goud et al., 2000; Wang et al., 2012) . But with different outcome measures across the studies, no conclusions can be reached about any potential effects of the use of either conventional or sodium-substituted slow-freezing. When compared within a single study (albeit not comparing sibling oocytes), improved outcomes (maturation and cleavage) were reported for the slow-freezing of GV oocytes with a choline-based when compared to a conventional, sodium-based slow-freezing protocol (Goud et al., 2000) . More studies are thus needed to draw conclusions on the best cryopreservation protocol for use in either GV or in vitro matured M-II oocytes.
Three studies assessed spindles and chromosomes in M-II oocytes that were slow-frozen at either the GV or M-II (post-IVM) stage (Baka et al., 1995; Boiso et al., 2002; Wang et al., 2012) . Results vary greatly with respect to reported ranges of normalcy (Table 3) , as well as conclusions reached for the best stage to freeze immature oocytes at. Some of these variations may be explained by differences in assessment methodology and criteria (see previous discussion); regardless, further studies remain to establish with more certainty the spindle organization of immature oocytes cryopreserved at the GV or M-II stage. The exact and actual impact of slight chromosomal disarrangements (as observed by DNA fluorescence alone) is unknown (Fig. 3) . The euploidy of embryos that result from cryopreserved immature oocytes remains to be determined. There are no cytogenetic evaluations comparing freezing at GV and M-II stages. However, when cryopreserving at the GV stage, a preliminary cytogenetic assessment of vitrified immature oocytes reports karyotypes comparable to non-vitrified oocytes (Van Blerkom and Davis, 1994) . The proportion of aneuploidy was also similar in M-II oocytes following IVM of cryopreserved GV stage oocytes when compared to non-frozen oocytes and exposure to cryoprotectant alone, although polyploidy was increased (Park et al., 1997) . A more indirect assessment included a karyotyping of blastocysts that resulted from vitrification of immature oocytes after IVM; for the 7 blastocysts analyzed, there was no detected abnormality in chromosome numbers (Chung et al., 2000) . While reassuring, these early results merit confirmation in other statistically powered studies.
Taken together, the eight comparative studies presented in Table  3 suggest that the outcomes measured to date are improved (even if not always significantly) when cryopreserving at the M-II stage following IVM rather than at the GV stage prior to IVM. This may not necessarily be the final answer to the question of when to freeze immature oocytes. Certainly, success rates remains unacceptably low. As aforementioned, weaknesses exist with some of the past studies, and other aspects must be considered (as discussed next).
Where does the future lie?
Studies to date point to the difficulties when cryopreserving immature GV human oocytes. Unlike what originally postulated, but as often still put forth, the GV stage does not appear to resist freezing injuries better than the M-II post-IVM stage. On the contrary, current evidence indicates that GV stage oocytes are particularly susceptible to cryodamages. Future efforts should thus aim to improve the efficacy of GV cryopreservation, and pertinent considerations are discussed next.
Challenges posed by germinal vesicle freezing
It is relevant to consider why GV oocytes may be particularly challenging to freeze after all. Since oocytes mature spontaneously upon removal from the follicle, catching the oocyte in the 'meiotic act' rather than its truly arrested stage may pose an unforeseen difficulty when attempting the cryopreservation of GV oocytes. If cryopreserved during germinal vesicle breakdown, the chances for cryodamages may be increased, with targets including condensing chromosomes, nuclear envelope breakdown, organelle remodeling, and changes in microtubule stability for early spindle formation and organelle redistribution. Due to other effects, the postulated benefits of cryopreserving at the actual GV stage may thus not become apparent. In human, a single study used a chemical treatment (with dbcAMP) to synchronize the retrieved GV oocytes (Goud et al., 2000) , but the effectiveness of this approach was not compared with an untreated group. It is relevant to note that in animal models, meiotic arresters were tested together with cryopreservation (in the bovine for instance (Diez et al., 2005) ; no benefits are yet reported, although there are issues and detrimental effects associated with the current arresting strategies alone.
The vast majority of studies cryopreserved oocytes that were denuded and thus devoid of cumulus cells during both maturation and cryopreservation steps. Exceptions include the slow-freezing of GV or M-II (post-IVM) oocytes with 1-3 remaining cumulus cell layers (Goud et al., 2000) and the initial maturation as COCs in the first 24 hours, albeit followed by maturation without cumulus cells in the last 24 hours and cooling/ warming steps performed on denuded oocytes (studies in R.C. Chian's laboratory). When freezing immature oocytes, the presence and extent of a cumulus cell vestment may influence results. With the known roles of cumulus cells for optimal oocyte maturation, the lack of cumulus cells is a limitation in any IVM culture system using leftover oocytes from ICSI. However, ultrastructural evaluation of vitrified intact bovine and mouse COCs showed disruption of the intercellular communications between the oocyte and cumulus cells (Fuku et al., 1995; Ruppert-Lingham et al., 2003) , and promising results have been obtained with the cryopreservation of cumulus-free bovine immature oocytes followed by co-culture with intact COCs during IVM (Luciano et al., 2009 ). Significant challenges remain with the cryopreservation of intact COCs (Goud et al., 2000; Tharasanit et al., 2009; Zhou et al., 2010) . Mechanistically, it may not be possible to use a single cryopreservation protocol for the two cell types making up the COC; this may be due to significant differences in the size, shape, and permeability of the cells, an inability to preserve the delicate and highly dynamic interactions between the oocyte and cumulus cells and/or an ineffectiveness of cryoprotectants to penetrate the layers of the COC. Should the cryopreservation of cumulus-free oocytes prove to be a superior approach, alternative maturation approaches may help alleviate the absence of cumulus cells; for instance, one could envision the re-establishment of cumulus cell-oocyte interactions following the separate freezing of each cell type and the use of a three-dimensional co-culture system (Combelles et al., 2005) . Taken together, previous studies point to the challenges with freezing intact COCs, and the benefits and drawbacks of freezing intact when compared to denuded complexes remain to be established in human. Clearly, there is no current consensus on the consequences of the presence or absence of cumulus cells during cryopreservation.
Cytoplasmic microtubules may not be as stable as presumed in GV oocytes, which were shown to lack acetylated microtubules in human (Combelles et al., 2002) . Microtubule acetylation is associated with increased stability, the absence of which may render oocytes more sensitive to cryoinjury. A GV-stage oocyte is also characterized by a richness of membrane-bound organelles that still need to undergo major changes, including the redistribution of cortical granules, smooth endoplasmic reticulum, and mitochondria. It is conceivable that cryopreservation interferes with these penultimate, yet crucial, preparatory steps that the cytoplasm of an immature oocyte remains to undergo prior to fertilization. While the meiotic spindle may be able to recover following thawing/ warming, damages to cellular components in a GV oocyte may perhaps occur irreversibly.
It is likely that distinct cryopreservation protocols need to be developed for use in either GV or M-II oocytes; all of the protocols employed to date with immature oocytes are ones previously developed for use in early embryos, and such protocols may not necessarily be optimal in a cell with significantly different features. For instance during slow-freezing, the effects of sucrose concentrations varied with the oocyte meiotic stage (Chen et al., 2004) . Interestingly, bovine GV oocytes are characterized by decreased water and solute permeability when compared to M-II (Agca et al., 1998; Wang et al., 2010) . Differences in lipid composition and membrane properties would affect osmotic stress and cryoprotectant penetration during cryopreservation. Yet, no attempts have yet tailored the cryopreservation protocol to the specific oocyte meiotic stage, and an increased understanding of ways in which human GV and M-II oocytes differ will direct future endeavors.
One must not forget that the use of immature oocytes in fertility preservation relies on IVM, whether following or prior to freezing. However, the IVM technique remains unperfected without any significant improvements in the last decades. As such, IVM represents a current hurdle when cryopreserving immature oocytes. For instance, the IVM media used were all designed to mature intact cumulus-oocyte complexes, and not denuded oocytes that have failed to mature in vivo, as most cryopreservation studies have relied on thus far. Advances in the field of IVM should lead to significant improvements with oocyte freezing, and of course the continued testing of novel IVM system should be undertaken in combination with state-of-the-art cryopreservation approaches.
Cryopreserving at intermediate meiotic stages
All studies discussed thus far cryopreserved oocytes at either the GV or M-II stage, specifically after IVM of immature oocytes that were GV at the start of culture. However, one may posit whether the use of intermediate meiotic stages may prove superior in terms of clinical efficacy. Oocytes with neither an intact GV nucleus nor a polar body are scored as metaphase-I (M-I) oocytes. If M-I oocytes are retrieved, cryopreservation may be performed at the M-I or M-II stage following IVM. To date, results indicate that oocytes deemed M-I at retrieval yield improved outcomes when compared to GV oocytes (Chang et al., 2008; Fasano et al., 2010; Versieren et al., 2011; Zhang et al., 2011; Fasano et al., 2012) . However, there isn't a direct clinical utility of retrieved M-I oocytes for cancer patients since GV oocytes would be obtained instead. In contrast, the in vitro maturation of GV oocytes up to the M-I stage followed by cryopreservation merits consideration. A single study vitrified oocytes after 8-15 hrs IVM so presumably at the M-I stage, followed by an additional IVM period following warming (Chung et al., 2000) ; the study is too small and preliminary in nature to conclude on any advantages or detriments of cryopreserving at the M-I versus GV or M-II stages. Although caution must be exercised when extrapolating findings on cryosensitivity across species, the meiotic stage influenced outcomes in the bovine, albeit in a conflicting pattern (Hochi et al., 1998; Men et al., 2002) .
Cellular and molecular evaluations
The evaluation of clinical efficiency is of course critical to all studies. Nonetheless, much insight can still be gained from routine and thorough assessments of cellular and molecular damages, including the unraveling of potential targets for optimization. It generally proves useful to identify cellular abnormalities following cryopreservation since future efforts could get at the root of the problem. For example, a systematic analysis of all oocytes (even ones without a polar body) revealed aberrations in cell cycle regulation, specifically with a heightened propensity to activate spontaneously for oocytes that were slow-frozen at the GV stage (Combelles et al., 2011; Wang et al., 2012) . Abnormalities in nuclear and cytoplasmic components were reported following the vitrification of immature oocytes at the GV stage, including nucleolar disorganization, premature chromatin condensation, and organelle relocalization (Van Blerkom and Davis, 1994) . The cortical actin cytoskeleton may also be subject to alterations, as demonstrated following the maturation of vitrified GV stage oocytes (Combelles et al., 2011) . Studies should undoubtedly continue to evaluate spindles and chromosomes; however, assessment should be expanded to include a panel of measures, among which may be DNA damage, gene expression (Monzo et al., 2012) , oocyte physiology (Gardner et al., 2007) , and organelle function such as integrity of the endoplasmic reticulum (Lowther et al., 2009) , as reported in cryopreserved in vivo matured oocytes. One step in a promising direction pertains to a recent confirmation that the methylation profiles of two imprinting control regions did not change with vitrification at the GV stage followed by IVM (Al-Khtib et al., 2011) .
Source of oocytes for experimental studies
The vast majority of reports on the cryopreservation of immature oocytes relied on a source of material that is not optimal, since oocytes that failed-to-mature in vivo do not represent the clinical material that would be available for fertility preservation. The clinical use of optimal immature human oocytes for experimental studies is extremely limited by availability. Given the infancy of the field of immature oocyte cryopreservation, together with current challenges, initial testing should be conducted on available oocyte sources. Only with years of experience and multiple protocols and markers evaluated in experimental oocytes will we reach a point when we can begin applying findings to the clinical realm. The best source of material for this work is, undeniably, oocytes retrieved as intact cumulus-oocyte-complexes after no or minimal ovarian stimulation. Such oocytes are extremely scarce and difficult to obtain, and one may argue against using them experimentally at this juncture. With lessons learnt from invaluable research material, together with a deeper understanding of the cellular sensitivities of immature oocytes to cryopreservation, we may then be in a position to apply our novel knowledge to clinical studies.
However, limitations with the use of failed-to-mature oocytes must not be ignored. For instance, the quality of these oocytes is inherently variable since they originate from a heterogeneous pool of antral follicles; the oocytes also failed to mature in vivo in spite of exogenous ovarian stimulation, thereby indicating their compromised developmental potential from the start. As a result, these oocytes may be less able to withstand stresses induced by cryopreservation. This is however conjecture; in remaining critical, the pristine quality of oocytes obtained for IVM may also be called into question since immature oocytes have not yet completed their developmental program in the follicle.
Past uses of immature oocytes for fertility preservation in cancer patients
Despite the invaluable insight that can be gleaned from studies with experimental material, extrapolation to clinical situation shall be foreseen. A few studies directly document the potential utility of immature oocytes in cancer patients. Early reports demonstrate the successful retrieval, maturation, and vitrification of immature oocytes that were obtained from excised ovaries prior to ovarian tissue banking in a total of 15 cancer patients between 18 and 38 years of age (Revel et al., 2003; Isachenko et al., 2004; Huang et al., 2008) . More recently, immature oocytes were also obtained from 76 patients (5-35 years old) undergoing ovarian tissue cryopreservation to preserve their fertility (Revel et al., 2009; Fasano et al., 2011) . Oocytes were matured in vitro and vitrified at the M-II stage. Immature oocytes can thus be obtained from ovarian tissue biopsies; while maturation rates were low (31% and 34% overall), mature oocytes were vitrified regardless of the phase of the menstrual cycle, use of oral contraception, or the age of the patient, even if pre-pubertal or adolescent (Fasano et al., 2011; Revel et al., 2009 ). There are thus alternative strategies that involve immature oocytes and that may be used along other approaches for fertility preservation. Since the freezing of ovarian tissue targets the use of primordial and primary follicles without preserving oocytes from antral follicles, gametes at later stages of oogenesis would become wasted. As a result, strategies that target both ovarian tissue and oocyte freezing shall heighten a patient's options and chance at childbearing.
Another approach entails the retrieval of immature oocytes throughout the menstrual cycle with only hCG priming 38-40 hours prior to retrieval; following IVM, mature oocytes are either vitrified or fertilized followed by vitrification of the resulting embryo. Embryos may thus be considered as the stage to freeze at, even when using immature oocytes as the starting material and as long as sperm is available. Two studies from the same group report on maturation rates of 59% and 73% from 66 and 38 breast cancer patients, respectively Shalom-Paz et al., 2010) . The yields of vitrified oocytes (7-8) and embryos (4-5) per patient were encouraging, although there isn't yet any follow-up use of this cryopreserved cellular material. If tangible, it may be best to retrieve oocytes directly from patients that are monitored and primed with hCG, an approach that may yield superior and more consistent results across patients when compared to the aspiration of oocytes from excised ovaries. Conversely, the cryopreservation of ovaries together with oocytes may provide an efficient way to ensure that embryos are available when the patient wishes to become pregnant. Multiple options thus exist for the retrieval of immature oocytes for fertility preservation although information on clinical efficacy is not yet available. Indeed, while oocytes from an immature source are cryopreserved, they remain to be thawed/warmed and used clinically by cancer patients. Due to the experimental nature of the procedures, caution is thus warranted, together with appropriate monitoring.
Other potential opportunities for improvements
The field is burgeoning and it provides a fertile ground for future advances; some areas of focus were presented above, including the cryopreservation protocol and oocyte types (e.g. ovarian sources, retrieval conditions, presence or absence of cumulus cells). Experimental manipulations may also help augment the developmental potential of cryopreserved immature oocytes. A preliminary study tested the use of artificial oocyte activation to improve the developmental potential of vitrified immature oocytes, although outcomes remained poor . Alternatively, the oocytes may be manipulated in ways that aim to increase the resistance of the oocyte to the stresses of cryopreservation. In this way, the oocytes may be conditioned or prepared to resist cryoin-juries. A pilot study examined the effect of the drug taxol to help stabilize the microtubule cytoskeleton prior to cryopreservation (Fuchinoue et al., 2004) . Results indicated some improvements, as previously suggested in animal models. In a cat model, GV stage oocytes possessed increased developmental competence when treated with a drug that promotes chromatin compaction prior to vitrification (Comizzoli et al., 2009) . Of course, the safety of any chemical approach must be ensured and may preclude application in human oocytes. More recently, innovative approaches that take advantage of controlled sublethal physiological stresses have been explored in animal models. The rationale behind a 'stress for stress tolerance' approach lies in the induced ability of the exposed oocytes to resist stresses associated with cryopreservation, through perhaps increased synthesis or activation of endogenous proteins/mechanisms that afford protection to the oocyte (reviewed by Pribenszky et al., 2010) .
Certain confounders may influence outcomes and the clinical efficacy of cryopreserving immature oocytes, including patient age (Wang et al., 2012) . Age is relevant to consider since a patient may be undergoing cancer treatment in her thirties prior to her own chance at becoming pregnant. These patients need personalized options, and we must thus aim to understand any differences in outcomes with age. Experimental studies on the cryopreservation of immature oocytes have been based on a wide range of oocyte origin, notably from patients of variable infertility diagnosis. Any influences of infertility diagnosis on the success of cryopreservation must also be taken into account, since most cancer patients would presumably be of normal fertility at the time of oocyte retrieval.
Conclusions
While an increasing number of reports document feasibility, the clinical efficiency of fertility preservation using immature oocytes remains low or uncertain. The field thus needs to reach a point at which immature oocytes can be cryopreserved reliably and safely. Albeit still preliminary, the evidence to date suggests improvements when cryopreserving immature oocytes after IVM to the M-II stage. Nonetheless, future efforts should not ignore the eventuality of satisfactory outcomes with cryopreservation at the GV stage. As long as protocols that are optimal for each meiotic stage are developed, we may be able to cryopreserve GV and/or M-II oocytes at acceptable efficiencies. In the future, studies should examine the influences of oocyte source and protocols on cellular as well as long-term clinical outcomes. IVM and cryopreservation are techniques that vary significantly with levels of expertise, selected protocols, and laboratory conditions. Also, sample sizes are often too small to interpret results. There is thus a dire need for more exhaustive experimentation of the potential utility of immature oocytes in fertility preservation. Results should be validated in large studies and confirmed independently by multiple groups.
Despite challenges, there are current promises with the cryopreservation of immature oocytes. Notably, Chian et al. (2009b) reported a 20% live-birth rate per cycle started when vitrifying M-II (post-IVM) oocytes in patients undergoing unstimulated IVM cycles (a total of 4 births). This success rate is from a small series of noncancer patients (n=20), but it buttresses the validity of pursuing the use of immature oocytes in cryopreservation cycles. Given that this is the only study (other than 2 case reports/births) that documents in vivo developmental outcomes past the blastocyst stage, further work is warranted.
